HIGHLIGHTS TMP-resistant E. coli show cross talk between stress response and metabolic pathways Dependence on glyA is an emergent vulnerability associated with TMP resistance Knockout of glyA partially rescues sensitivity to TMP in E. coli INTRODUCTION Trimethoprim (TMP) is commonly used in the treatment of urinary tract infections (UTIs) caused by Escherichia coli and Klebsiella pneumoniae (Huovinen et al., 1995) . It is used either alone or in combination with sulfamethoxazole (SMX), which has a slightly different target spectrum. Although TMP and SMX are administered as a combination in the treatment of UTIs, synergy between the two has not been observed in vivo and, therefore, prophylaxis or treatment can be carried out using TMP alone (Acar et al., 1973; Kasanen and Sundquist, 1982) . Owing to relatively low cost, it is the preferred treatment option in developing countries where incidence of UTIs is generally higher. However, in the past several decades, the use of TMP has been limited by the emergence of resistant bacteria in developed and developing countries alike (Sanchez et al., 2012; Seputiené et al., 2010) .
TMP causes the depletion of deoxythymidine monophosphate (dTMP), methionine, glycine, and purines through the competitive inhibition of dihydrofolate reductase (FolA) in the folate pathway (Kwon et al., 2010) . Not surprisingly, binding site mutations in FolA, which impinge on TMP binding, FolA overexpression, and acquisition of naturally resistant plasmid-borne dfr enzymes, are direct mechanisms of resistance in several bacteria (Flensburg and Skö ld, 1987; Volpato and Pelletier, 2009; White et al., 2000) . The currently explored strategies for tackling resistance include synergistic combinations and cycling of antibiotics with collateral sensitivity outcomes; although TMP in combination with SMX and vancomycin has been found to synergistically inhibit wild-type (WT) TMP-sensitive E. coli in vitro, some TMP-resistant E. coli strains have been observed to be inhibited by TMP-zidovudine (Wambaugh et al., 2017; Zhou et al., 2015) . However, through drug cycling experiments it has been found that TMP-resistant E. coli show co-resistance to most other commonly used antibiotics, which indicates involvement of several broad-spectrum resistance mechanisms (Imamovic and Sommer, 2013) . Therefore, identification of a strategic target or inhibitor through systematic investigation of the phenotype merits importance.
Transcriptomic characterization of E. coli upon exposure to TMP has shown that, under bacteriostatic and bactericidal conditions, expression of genes involved in the SOS response, pyrimidine synthesis and salvage, DNA repair, and mar operon is altered (Sangurdekar et al., 2011) . Furthermore, activation of acid stress response in E. coli has also been observed following exposure to sub-inhibitory concentration of TMP (Mitosch et al., 2017) . Several of these processes can be expected to not only be active in TMP-resistant E. coli but also lead to the emergence of vulnerabilities, thereby presenting new opportunities for inhibiting resistant E. coli. With an objective of identifying such targetable resistance-associated alterations, TMP-resistant E. coli were evolved from E. coli K12 MG1655 (WT) as per previous protocols (Padiadpu et al., 2016; Toprak et al., 2011) . Briefly, in each step of the experiment, the concentration of TMP was doubled and E. coli was sub-cultured (initial A 600~0 .1) when sufficient growth (A 600~0 .6) at a particular concentration was observed. The minimum inhibitory concentration (MIC) for WT was found to be 0.5 mg/mL (consistent with the MIC expected in vivo with a peak serum concentration of TMP, i.e., 1-2.5 mg/mL) (Schulz and Schmoldt, 2003) . Two strains-32xR1 and 32xR2-were evolved from biological replicates of WT, i.e., WT1 and WT2, respectively, starting from a sub-inhibitory concentration of 0.125-16 mg/mL ( Figure 1A) . Only a minor growth defect was observed for both 32xR strains in the absence and presence of 16 mg/mL TMP indicating that the resistance-associated fitness cost was minimal ( Figure S1 ). The MIC for 32xR1 and 32xR2 was 1,024 and 128 mg/mL, respectively. Both the 32xR strains had the previously characterized Leu28Arg (L28R) TMP-resistant mutation in the binding site of FolA and the À34C>T mutation in the À35 region of the folA promoter, which causes an overexpression of the mutant DHFR (Mohan et al., 2015; Toprak et al., 2011) . On an average, folA was found to be~20-fold upregulated in the 32xR E. coli (Table S1 ). The TMP resistance of 32xR E. coli can be largely attributed to the presence of these mutations.
Transcriptomes of TMP-resistant (4xR1, 4xR2, 32xR1, and 32xR2) and WT E. coli were profiled using a DNA microarray. The 4xR E. coli were TMP-resistant intermediates in the evolution of 32xR E. coli from the WT ( Figure 1A ). To prevent loss of resistance, resistant E. coli were grown in media containing appropriate concentration of TMP; the biological replicates of WT, 4xR, and 32xR E. coli were grown to mid-log phase in M9, M9-2 mg/mL TMP, and M9-16 mg/mL TMP. Expression values were obtained for 4,021 genes and found to be highly correlated (R0.95) among the two biological replicates of each type of E. coli. Therefore, for each gene, we considered the mean of the two expression values for all analyses. Since the transcriptomes of WT E. coli growing in sub-inhibitory antibiotic concentrations are diverse, we compared the transcriptomes of the resistant bacteria with that of the WT grown in the absence of the drug (Erickson et al., 2017) .
Totally, 397 unique differentially expressed genes (DEGs) (|log 2 fold-change (FC)| R 1 and Benjamini-Hochberg FDR-corrected p value < 0.05) were identified in the TMP-resistant (4xR and 32xR) E. coli. For the 4xR E. coli, 173 DEGs were identified, whereas nearly twice as many, 345, were found in the 32xR E. coli (Table  S1 ). FC was observed to be higher in 32xR E. coli ( Figure 1B ). With the RNA samples used for microarray, the FC values for a few DEGs were re-estimated with qPCR and found to agree with the FC obtained from the microarray (Table S2 ). Between the 32xR and 4xR strains, 46 and 75 DEGs were seen to be commonly upregulated and downregulated, respectively ( Figure 1C ). No DEG upregulated in 4xR E. coli was seen to be downregulated in 32xR E. coli and vice versa, suggesting an absence of change in survival strategy as E. coli adapt to higher concentrations of TMP ( Figure 1C ). Adaptation to TMP was observed to occur through perturbation of several biological processes. SOS response, response to acidic pH, viral process, biofilm formation, and lipopolysaccharide metabolism were seen to be enriched in upregulated genes, whereas most of the downregulated genes were seen to be involved in chemotaxis, amino acid metabolism, pyrimidine biosynthesis, and siderophore and molybdate transport ( Figure 1D ). Some of these processes have also been observed in WT E. coli grown in sub-inhibitory TMP indicating coherence between stress response and resistance to TMP (Sangurdekar et al., 2011) .
Unbiased Identification of Altered Interactions, Paths, and Cross Talk in TMP-Resistant E. coli
We were interested in knowing if the DEGs were functionally connected in any way. A knowledge-based functional interactome, i.e., a genome-scale protein-protein interaction network, integrated with phenotype-specific gene expression data is an elegant tool for studying underlying cross talk. Such networks have been instrumental in the identification of isoniazid resistance mechanisms in mycobacteria and biomarkers for tuberculosis (Padiadpu et al., 2016; Sambarey et al., 2017) . In keeping with this, a functional interactome, E. coli protein-protein interaction network (EcPPIN), was constructed, integrated with transcriptome information, and used to study the cross talk underlying TMP resistance with the goal of identifying targetable components, if any.
EcPPIN was constructed using functional interaction data (regulatory, physical binding, metabolic, etc.) between 3,498 genes and had 24,542 edges obtained from public databases and the literature (see Transparent Methods). Furthermore, a condition-specific network, 32xNet, which captures gene expression perturbations associated with TMP resistance, was generated by integrating the differential transcriptome of WT and 32xR E. coli into EcPPIN (see Transparent Methods) ( Figure 2A ). Approximately 8.4 million shortest paths were detected in 32xNet and ranked based on normalized path costs (see Transparent Methods). A subset of top-ranked shortest paths that (1) was significantly enriched in DEGs (hypergeometric p value < 0.05) and (2) contained R75% of all observed DEGs was considered desirable for the identification of highconfidence resistance-associated perturbations. The top-ranked 0.4% shortest paths were observed to satisfy these criteria; enrichment p value = 0.003; 269 DEGs (78%) ( Table S3 ). Since we were interested only in the interactions that are directly linked to or possibly impart TMP resistance, only the edges involving at least one DEG were considered, leading to the selection of 570 genes connected by 1,177 edges. Interestingly, most of the 1,177 edges, albeit a very small portion of the EcPPIN, formed a connected sub-network, 32xTopNet ( Figure 2B ). This connectedness indicated cross talk, i.e., individual processes influence each other and are perhaps orchestrated through common control elements.
Edge-weight-based clustering, which leverages the occurrence of dense connections between groups of genes belonging to the same process, was used to identify processes perturbed by TMP in the 32xTopNet (see Transparent Methods). Twenty-six clusters (C1 to C26) of size R 4 (p value < 0.05) were obtained (Figure S2) . Clusters were functionally annotated based on the annotations of its members as per EcoCyc (Keseler et al., 2011) . Of the 26 clusters, genes in 11 (C2, C3, C6, C8, C10, C14, C16, C18, C21, C22, C26) were seen to be involved in stress-response processes, whereas genes in 5 others (C5, C13, C15, C17, C19) were metabolism related (Table 1) . Amino acid biosynthesis, aerobic respiration, and glycine-cleavage complex (C) Cross talk between processes perturbed by TMP viz. GASR, motility, biofilm, and folate metabolism inferred from the 32xTopNet. Genes belonging to each process are shown in a different shape. Like in (B), node colors signify extent of upregulation or downregulation.
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Size Member Genes Annotation in the folate pathway were among the perturbed metabolic processes. SOS-response-DNA repair, glutamate-dependent acid-stress response (GASR), biofilm formation, superoxide detoxification, and e14 prophage were among the active stress response mechanisms. Some of these are of relevance to pathogenesis and host colonization. Using mouse models of human UTI, it has been reported that the induction of SOS response is important for survival of uropathogenic E. coli in the bladder epithelial cells of immunocompetent mice (Li et al., 2010) . Similarly, biofilm formation has been linked to persistence and relapse of UTIs (Soto et al., 2006) . We confirmed biofilm formation of the resistant E. coli using crystal violet staining and scanning electron microscopy. 32xR E. coli grown both in the absence and presence of 16 mg/mL TMP were seen to form more biofilm than the WT grown in the absence of TMP ( Figure S3 ).
Most clusters contained genes belonging to a single process, whereas some represented multiple processes. Motility regulator fliZ was captured in both C1 and C8, which contain mainly motility and GASR genes, respectively (Table 1) . FliZ negatively regulates GASR through the repression of GASR activator gadE, whereas, another GASR regulator, GadX, activates rpoS, which antagonizes fliA and fliZ expression ( Figure 2C ) (Dong et al., 2011; Pesavento and Hengge, 2012) . Therefore, in the 32xR E. coli, the downregulation of fliZ can be linked to de-repression of GASR activator gadE and, as a consequence, induction of GASR. FliZ is a negative regulator of csgD expression, a transcription factor involved in biofilm formation and vice versa, whereas RpoS positively regulates csgD transcription through c-di-GMP ( Figure 2C ) (Ogasawara et al., 2011; Pesavento et al., 2008; Weber et al., 2006) . In keeping with this, diguanylate cyclases (yeaI, ycdT) were found to be upregulated in 32xR E. coli (Table S1 ). Finally, and remarkably, a previously identified interaction between csgD and glyA (serine hydroxymethyltransferase) seen in the 32xTopNet highlighted the cross talk between a stress-response mechanism, i.e., biofilm formation and the folate pathway ( Figure 2C ) (Chirwa and Herrington, 2003) .
Emergent Vulnerability in TMP-Resistant E. coli
GlyA catalyzes the formation of 5,10-methylene tetrahydrofolate (5,10-mTHF) and glycine from serine and THF. The glycine cleavage complex (GcvTPH) (found in C13) also synthesizes 5,10-mTHF from THF; however, it utilizes glycine instead of serine. The 5,10-mTHF produced by these reactions is used for the synthesis of dTMP by ThyA. Both GlyA and GcvTPH lie directly downstream of FolA in the folate pathway ( Figure 2C) Table 1 . Continued Clusters of size 4 or more were identified in 32xTopNet. The first column provides the cluster ID in which the number specifies the rank. Clusters have been annotated based on the genes they contain. Annotation was possible only for clusters with majority of genes sharing a common ontology based on primary literature reports. Downregulated genes are underlined, and upregulated genes are shown in bold (log 2 FC values in Table S1 ).
susceptibility of WT E. coli to TMP (Minato et al., 2018) . This could be because these two reactions are functionally redundant. Since gcvTPH was downregulated in the 32xR E. coli (Table S1 ), the data suggested that the resistant E. coli critically depend on glyA for production of 5,10-mTHF and subsequently the nucleotides and DNA. Since this dependence on GlyA is unique to the resistant strains, we hypothesized that it is a new vulnerability that has emerged in association with TMP resistance and that E. coli devoid of GlyA activity cannot sustain resistance. To confirm this, we first generated glyA knockouts of the 32xR1 and 32xR2 E. coli ( Figure S4) . The knockouts were observed to grow satisfactorily ( Figure S4 ). The MIC of TMP for 32xR1:DglyA and 32xR2:DglyA was recorded to be 8 and 4 mg/mL, respectively, which translated to a 32-fold decrease in MIC for 32xR2 and more than 100-fold decrease in MIC for 32xR1. Furthermore, to test if our findings hold true for clinical strains of pathogenic E. coli, we created a glyA knockout of an MDR strain of uropathogenic E. coli isolated from a patient with acute UTI. This clinical isolate (CI) was resistant to therapeutic concentrations of ampicillin, piperacillin/tazobactam, cephamycin, cephalosporin antibiotics, cotrimoxazole, ciprofloxacin, and norfloxacin (sensitivity profiling obtained from the hospital repository). It was resistant to TMP with an MIC of 1,024 mg/mL and showed an upregulation GASR, csgD, and glyA as compared with WT even in the absence of TMP. Like the 32xR1 and 32xR2 E. coli, this clinical isolate exhibited slight but significant upregulation of glyA and folA and downregulation of gcvT in the presence of 16 mg/mL and CI:DglyA showed no growth defect (Tables S1 and S4, Figure S5 ). However, it did not contain mutations in the chromosomal folA indicating that the high resistance could be due to the presence of plasmid-borne naturally resistant dihydrofolate reductase enzymes like in most clinical isolates and not the mutation/overexpression of chromosomal folA like in 32xR E. coli. Remarkably, the MIC of TMP for CI:DglyA was also observed to be 8 mg/mL, which, like for 32xR1, translated to a~100-fold decrease. Collectively, these data showed that the dependence on glyA is indeed an emergent vulnerability associated with TMP resistance.
Co-targeting GlyA Retards Acquisition of TMP Resistance
We observed that the upregulation of glyA and biofilm formation occurs even when WT is grown in subinhibitory concentrations of TMP ( Figure S6 ). Specifically, WT grown at 0.125 mg/mL (0.25 x MIC) TMP showed~3-fold higher expression of glyA (as compared with WT grown in absence of TMP) with concomitant downregulation of gcvT suggesting that GlyA activity is necessary to combat TMP stress (Table S4) . Therefore, we asked if GlyA is necessary for adaptation to TMP. Toward this, we carried out a comparative evolution experiment with E. coli K12 BW25113 and BW25113:DglyA as previously described (Zampieri et al., 2017 As per the FDA reports, mean peak serum and urine concentrations of 1-2.5 and 30-160 mg/mL, respectively, are achieved 1-4 h after oral administration of a single dose of 100 mg.) Each replicate was exposed to different concentrations of TMP for 12 h post-incubation; E. coli growing at the highest concentration were selected for further propagation. Sub-culturing was carried out every 12 h over a period of 14 days. For each 12h period, for each strain, growth observed (A 600 ) in a well containing the replicate grown in absence of TMP was considered as the positive control ( Figure 3A) . The well from which the bacteria were to be selected for subsequent inoculation had to have A 600 R A 600 of the positive control ( Figure 3A) . To account for the differences in the growth rate between BW25113 and BW25113:DglyA, resistance gained at equivalent number of generations was compared.
Both strains completed~180 generations over 14 days, of which~120 generations were completed over 10 days (Table S5 ). The average number of generations completed every 12 h was similar too (Table S5) .
On the fifth day (~60 generations) the maximum concentration at which BW25113 and BW25113:DglyA were observed to grow were 8 and 2 mg/mL, respectively ( Figure 3B ). This suggested that BW25113:DglyA could still be inhibited by the physiologically encountered concentration of TMP, whereas BW25113 could not. In the period between~100 and 140 generations (~8-10.5 days), BW25113 was significantly more TMP resistant as compared with BW25113:DglyA ( Figure 3C ). After 11.5 days, R50% BW25113:DglyA replicates acquired resistance to R4 mg/mL, which is higher than the therapeutic serum concentration. However, this lies significantly outside the typical length of TMP treatment regimens for uncomplicated UTIs, i.e., 3 days (Jancel and Dudas, 2002) . In summary, the experiment suggested that, in comparison with BW25113, BW25113:DglyA show delayed acquisition of low levels of TMP resistance.
Concluding Remarks
Although overexpression of a resistant DHFR directly provides TMP resistance in 32xR E. coli, the concomitant alterations in expression of a large number of genes (~8% of the genome) indicates that TMP resistance is a multifaceted response. Integration of the differential transcriptome of WT and 32xR E. coli into EcPPIN and an unbiased mining of the condition-specific network 32xNet not only revealed the cross talk between genes involved in different stress response and metabolic pathways perturbed by TMP but also led to the identification of an emergent vulnerability-critical dependence on GlyA. This vulnerability emerges from the multipronged role of GlyA, which ensures uninterrupted DNA synthesis via 5,10-mTHF and dTMP production, protein synthesis, and curli production through glycine production. We show that, even in the presence of primary resistance mechanisms such as the overexpression of a mutant chromosomal DHFR and associated beneficial perturbations viz. activation of the SOS/DNA-repair response and biofilm formation and, possibly, plasmid-borne naturally resistant dihydrofolate reductases in the clinical isolate, deletion of glyA rescues sensitivity to TMP to a large extent. The success of glyA as a target is attributable to its position in the folate pathway, i.e., downstream of THF biosynthesis where most dihydrofolate reductase activitybased resistance mechanisms functionally converge. Previous studies show that SHMT (GlyA) knockdown induces apoptosis in lung cancer cells and challenges viability in P. falciparum (Paone et al., 2014; Pornthanakasem et al., 2012) . Since we also show that targeting this resistance-associated emergent vulnerability decelerates the acquisition of resistance in wild-type TMP-sensitive E. coli, a GlyA inhibitor used in combination with TMP presents a promising strategy for treating UPEC UTIs. (C) Plot shows the mean resistance gained at a particular number of generations for BW25113 or BW25113:DglyA. For each replicate, the ratio of concentration at which it grows after a particular number of generations and the concentration at which it grew on the first day (after~12 generations) is calculated. Thus, each ratio represents the fold increase in resistance. Six ratios are obtained per strain and the mean G SD of these ratios is shown for a particular number of resistant. Since the number of generations completed every 12 h is roughly the same for the two strains, for the purpose of comparison, the BW25113 ratios have also been plotted using the number of generations obtained for BW25113:DglyA. Between~100 and 140 generations (~8-10.5 days), BW25113 (blue) is significantly more resistant to TMP than BW25113:DglyA (red) (p value < 0.05; indicated by *).
Limitations of the Study
1. Although E. coli lacking glyA show slower adaptation to TMP, it is possible that more than one TMPadaptation strategy exist and that the outcomes of evolution in vivo and in vitro (in a controlled laboratory environment) are different.
2. Resistance mechanisms in laboratory-evolved and clinical E. coli may differ. It is difficult to predict the outcome of targeting glyA in clinical strains that are resistant to TMP through non-folate pathway-dependent mechanisms, e.g., efflux pumps and drug avoidance via biofilm formation.
3. Prediction of the cross talk between processes depends on the topology of the network and is, therefore, limited by the knowledge of functional interactions in E. coli.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
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Gene log2FC Gene log2FC Gene log2FC Gene log2FC Gene log2FC
Biofilm quantification 219
Crystal violet staining: WT was grown in 2 mL M9, M9-0.125 mg/L TMP and M9-0.25 mg/L 220 TMP and 32xR strains were grown in 2 mL M9 and M9-16 mg/L TMP over a period of 5 days 221 at room temperature without shaking in 24-well plates. Post incubation, the culture was 222 decanted, the wells were gently washed with PBS and stained with 1% crystal violet for 15 223 minutes. Excess unbound dye was rinsed away with three distilled water washes. 224
Quantification of the biofilm on the sides and the bottom of each well was done by dissolving 225 the crystal violet with 2 mL absolute ethanol and recording the absorbance 226 spectrophotometrically at 590 nm. 227
Scanning electron microscopy: The experiment was set up as described for the crystal violet 228 staining with the addition of a sterile coverslip at the bottom of each well. Post incubation, the 229
